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BaaAZMzp A. nABJIEHKO
MoCKOBCKZfl HHkeHepHO—CTpOHTejIbHHÜ ZHCTHTyT 
h m . B.B. KyiłSHmeBa

Jiy™CTŁ!0 TEDJIOOEMEH B H3JiyHA]01ItE-norjIOmA10mHX CPĘB,AX

Pe3ioMe. B paSoie npeflciaBjieH ocHOBaHHhift Ha AH$$y3H0HHoił aHaaorzz 
aHajiH3 xyzzcToro lenaonepeHoca b cepoft nojiynpo3paHHoft z3.nyHaiome-norjio- 
mamnefi opefle. npoaHaxH3zpoBaHo BjizzHze Ha ienjioo6MeH K3AyzeHzeM oniz- 
zecKofl TOJiiĘHHbi cpe^H h cieneHH zepHOTH rpaHzc;.

0oo6eHHocTb» nepeHoca renaa b HSjryzaBne-norjiomaioinHx (noaynpoapazHiGc) cpe- 
Aax HBjiHeTCH ero KOM6zHzpoBaHHłi8 xapaKTep, t.e. oAHOBpeMeHHoe AeScTBze Bcex 
b z a o b TenaoofiMeHa - H3xyzeHHH, KOHBeKUHH h TenxonpoBOAHOCTH.

JlyzHOTbia TenjioofiMeH b noxynpo3pazHofi cpeAe, KBxaacb KpaiłHe c a o b h h m  npo- 
aeocoM KaK o $z3zzecKofi, rax z c MaieMaizzecKofi TozeK 3peHza, co3AaeT Haz- 
Soabmze 3aTpyAHeHza npz aHaaz3e caoacHoro nepeHooa SHeprzz.

0 c o 8h 8 xapaKTep ayzzcToro Tenxoo6MeHa b noxynpo3paHHHx cpeAax onpeAexa- 
eica He TOJibKo npoxoxAeHzeM $ o t o h o b  zepe3 cpeAy, h o z coSoTBeHHHM BHyipeH- 
h h m  H3ayzeHHeM nocjie^Hefl z nosiOMy 3aBzczi ot pacnpeAeaeHza leMiiepaiyp b ca- 
MOM ojioe.

IIo h c k h nyreft pemeHza ypaBHeHzfi ayzzcToro TenzooSMeHa npzBejiH k nozBjieHzio 
MeioAOB, ocHOBaHHbtx Ha onzoaHzz 3aAazz xopomo H3yzeHHhiM KJiaocoM Az$$epeH- 
pzaabHHx ypaBHeHHÜ.Hx npezMyąecTBo 3aKjuozaeTCfl b t o m , h t o  npz pemeHzz 3axaz 
cjiosHoro lenzooSMeHa AZ$$epeHiízajibHHe ypaBHeHza H3AyzeHza xopomo yBH3HBax>T- 
ca o AH$$epeHHzaJibHbiMH ypaBHeHZHMZ KOHBeKizBHoro TenzonepeHoca z Tenzonpo- 
BOAHOCTZ.

Oa h h  H3 Az$$epeHiízaabHiix m o t o a o b  paezeia - Az<Jxi>y3HOHHoe npz6xzKeHHe zc- 
noab3yeT $H3HzecKyKi z MaieMaTzzecKyK) aHaaorzz nepeHoca zaayzeHza z Azíxfy- 
3zoHHoro noioKa zaoTzu b leopzz AH$$y3zH.

OnzcaHze ayazcioro TenaoBoro noioKa b o t o m eayzae aBzaeica AooiaioHHo npo- 
CTUM

q,aya = -D grad U, ( 1 )

r*8
D - KOBĆEKjJHAZeHT AH$$y3ZH H3XyHeHHH,
U - naoTHOCTb ayzzoTofl aHeprzz.
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Rsjt cepoä HepaooHeBaKiąeil n30TpoiiHo H3Jiyqa»inefl cpe^H b yojioBiiax jioKaJibHo- 
ro TepMOSHHaMH'iecKoro paBHOBecna npa eecKOHerao öojibmoä cmTHaecKoił TOJimune 

s t o  EHpascenne MosceT S h t ł  npeo6pa30BaHO k  cjieflyxrateMy BZĄy

Un 2 ff k
q jiyti   3ÏT erad T !

TAS

k - K0 3$(|)HD,HeHT norjIOlIieHHH,
T - T e M n e p a iy p a ,

6"0 -  nocTOHHHas C ie$aH a-B ojiL ij,M aH a, 

n  -  n o K a 3 a ie a B  npejioM aeH na opeA H .

O chobhhm  HeflooTaTKOM flH$iJy3HOHHoro npn6JIHSC6HHH sBiseics ero Heonooo6- 
HociB yqecTB BJIHHHH6 KOHe<jHHx 3HaaeHzä t u H3jiyaaiome-norjiomatoJUHx cboSctb 
rpaHH^Hux noBepxHOCTefi.

3 to  BjiHHHüe npeflJiaraeT O H  y^H ittB aT B  H3MeH6HneM B e ra ^ m m  k o 3 $ lSw- m e m a  äh$ -  

$y3HH H3JiyHeHHH. B CBH3ÍÍ C 3THM B paCCMOTpeHHe BBOÄHTCa on iH K O -reO M eip H S eC - 

k k M n a p a M e ip  m , sB jiaiom Hiica $yHKiyioHajioM o n iH a e o K o ä  tojiiiihhh h C T e n e a e ä  q e p -  

HOTH rpaHHB, 6

BejiO TH H a n a p a M e T p a  m n 3 M e H a e ic a  b la x H X  n p e s e j i a x

3 m oo

B b ip a s c e r a e  ( 2  )  n p n o 6 p e i a e i  o j i e ^ y jo m y »  $ o p M y

^n 2 GL i,
qay* = " —  grad T

PaocM OTpHM  OÄHOMepHyio 3 a x a a y  o n e p e H o e e  T e n j ia  H 3JiyaeH neM  itesm y  .nByMa 6 e c -  
KOHeaHbiMH n a p a a a e a tH b iM H  ^ u $ $ y 3 H 0  H3ayaaioinHMM noBepxHOCTHM H o h 3 B 6 0 th h m h  TeM - 

nepa iypa im  h  T g  h  C TeneHaM H  aepH O T H  t  u  t g .  C epaa c p e a a ,  o r p a m w e H H a a  

s T H M B  rp aH H p aM H , n o a y n p o 3 p a M H a  u iiM eeT n o o io a H H H e ,  He 3aB H ca ii(n e  o i  T e M n e p a -  

T y p H , K03$$HU,HeHT no rjiomemia h  n o K a 3 a ie j iB  n p e a o M J ie H n a . Toanim a c j io h  -  L  .
Henoab3yeM caeflym pie o6o3HaaeHHa

łq = k.LQ , X = k.S, t = k.x, dt = k.dx.
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H 3 M e H 6 H H e H HTeH CHBH O CTH  n a j i y n e H u a  I  n p n  n p o x o s í e H M H  e r o  b â o æ b  n y m  d l  

o  y 'ie T O M  n o r a o m e H H a  h  o o S o i B e H H o r o  H S J iy i e m i H  e p e ^ a  E H p a s a e i o a  i & k

kn2& T h
ir = - i r -  - kJ <*>

B a p a x e m i e  ( 4  ) M o x e i  Ö h t b  n p e o 6 p a 3 0 B a H O  k  c j ie jn y io n e i i  $ o p M e

.  n 2S TU
cosödt + 1 =  ff“  (5)

J m  p e r n e r a «  O T o r o  y p a B H e H H a  c o o i a s M i o T o a  r p a H H r a H e  y o j io B H «

E
r= O X = — 2Ü, ju= cos© > 0

(6)

t= Ï T - r'34>2o I = — ~E=, JJL= C O s O < 0

P e r n e r a e  y p a B H e H H a  ( 5 )  0 rpaH H T O H M H  y c jio B H S M n  ( 6 )  m e e i  c jie fly iom H Ö  b h ä

E . », . / n26_T^( t ) . »,
I = -jp- exp(- -) + I  -ß  exp(-p-)dt (7 )

r - r , r° n2 (3T*(t) . »,
I  = - j p -  e x p (—p —) -  î t  I  J X   e x p ( - ^ - ) d t  ( 8 )

T e n j io B o ñ  n oT O K  h 3 J iy ^ e H H e M  n o a y ^ a e T o a  n o o j i e  H H T e rp H p o B a H H H  y p a B H e H H ä  ( 7 )  

h  ( 8 _ )  ’n o  T fe jieoH O M y y r a y  n o  B o e ä  c $ e p e

t

q *y*- 2 E 34,1-K3(t) “ 2E9i»2 -K3(V ^  + 2 / A . *  4( * )K2« - t  )dt -

2 j n 2 ÉÍ0 T ! t ( t ) K 2 ( t - ' £ ) d t ) ( 9 )

rae 1

Kn ^  =
O
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IlepB b ie  A B a H a e H a  y p a B H e H z a  ( 9 ) o n zcK B araT  a y z z c T L ie  j i o t o k z ,  Aom eA m ze a o  

p accM aT p H B a eM o li i i j i o c k o c t h  S B H yT pz e j i o a  o t  r p a H z z a u x  n o B e p x H o c ie ä  o y z e -  

TOM o c jia Ö A e H z a  z s a y z e H z a .  B i o p t i e  A B a z j ie H a  npeA C T aB xaioT  le n j io B u e  i i o t o k z ,  

co 3 i,a B ae M b ie  coS ciB eH H U M  z s j iy z e H z e M  O A ceB  c p e A H , o ä h o t o  c  o iz rz z e c K o f t  t o j i i a z -  

h o ü  X ,  A p y r o r o  -  uQ -  X.

3$$eK T H B H oe z 3 j iy z e H z e  r o p a z e f t  noB epxK O C T Z  I  C K aa A U B e te a  h 3 c o G c iB e H H o ro  

a  O T paxreH H oro

E 3<pi = + (1 * V W  <1°)

ilaA aw m zii H a o i y  noB epxH O C TB  n o iO K  H 3A yzeH H a E naT|1 o n p e A e a a e T c a  a tJ^ eK T Z B - 

HbiM z 3 jiy z e H z e M  x o a o A H o fi rpaH H U H  c  y z e iO M  e r o  o c x a e a e H z a  n p z  n p o x o x A e H z z  z e -  

p e 3  c j i o ä  e p e f lH  o o m z z e c K o f i  to j i ¡ a z h o 8  t u  TenxoBH M  h o t o k o m ,  oo3A aBaeiuH M  Z 3 -  

ayzeH Z S M  3ioro c j i o z  (

*0

EnaAl = 2E3*2‘K3< V  + ^ f ^ 2 ( t ) n 26 oT k (t)dt (1 1 )
o

AHa.ïïcra::Hne BupaxceHza Moryi 6htb 3aimcaHH AJia Biopoä rpaHHZHoä noBepxno- 
CTH.

P z c . 1 . SaBHCHMocTB napaMeTpa m  
ot om zzecK oi! toaazhh X. z c ie n e -  

Hz nepHOTK rp azz ii 6 = £g = £

PemeHze czoieMH ypaBHeHzfi no3Bajia- 
eT noayzzTB BupaaceHza, onpeAeaaumze 
B e a z z z H H  3(|)4)eKTZBHHX T enaoB H X  ü o t o k o b , 

H3JiyzaeMbix KaxAoä noBepxHooibio. 3Ha- 
zeHza E 9^ 1 z  Tenepb Moryi Salb
noAcraBaeHbi b ypaBHenze ( 9 ) ,  onzcbma- 
Buee Be.iHZHHy pe3yjibTzpy¡oa;ero lenjio- 
Boro noToxa, npoxoflamero zepe3 npoz3- 
BOJibHyio naocKOGTb S BHyipz c a o z  no- 
aynpo3pazHoS ope^a.

H orio jiB 3yeM  a a h  p e m e H z a  y ic a 3 a H H o ro  

v p a B H e z z a  c a e A y B ąy io  3 a B z c z M 0 0 T b  [ i j

T 4 ( t )  = -  ( T j  -  T g )  y - ( 1 2 )
O

T o r .u a

kn¿(S0 T 1 " T2 1*n2ffo(T1 - T2^
qayz - “snr: L - = srr?o o ( 1 3 )
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CoBMecTHoe peiaeane ypaBHeHHñ (9) h  (13) c y a e T O M  ( 1 2 )  c  Hcnoxb30BaHHeM 
CBofioTB BKonoHeHitüaJiBHHx HHTerpaxoB npüBOAHT K  cjiesyioąefi 3aBHCHM0CTH AJia
onpeflejeHHH cpeflHeä no cjio» BexHHHHH oniHKo-reoMeipiiHecKoro napaMeipa

, K_(o) - K.ft )
•i = Kił( 0 ) -  ¿ v.. y  °

V< 5 )
[ V 0) - w ] :

2 - ( e1 + e2 ) + 4(i - e1 )<i - £2 )k3(?0 ) 

[i -  4<i -  6 , ) d  -  e2 ) .k ^ ( * 0 ) ]
( 1 4 )

H a  p u c ,  1 n p e A C T a B J i e H H  s a s HOHMocTii n a p a M e i p a  m  o t  cieneHeft a e p a o T H  r pa- 

h h i ; ä j i h m n p o K o r o  Ä H a n a 3 o n a  o n i a a e c K H X  t o j i u í h h , AHajiH3 n o K a 3 H B a e i ,  h t o  p a c n e i

.’iy'JHCioro T e n x o o 6 M e n a  b  nojiy n p o 3 p a a -

P h o .  2 .  3 a B H C H M 0 C T Ł  x y a a c T o r o  n o T o -  
K a  o t  Ï  A n a  paajmnHbEx c i e n e H n  a e p -  

H O T H  r p a r a n  ( 8 ^  = £ g =  8  )

H H x  c p e x a x  ä x h  o i i t k h 6 C k h x T0JH¡HH

“ o < 1 0  AojiaceH n p o B o f l H T B C H  c o ö h -  

3aTejiBHHM yaeioM 3aBH0HM00TH napa- 
M e T p a  m  o x  oninne c K o i i  n a o i H o c i a  

cjioa h  H3Jiyaait)ąe-norjionia!omHx o b o Ł t e  

rpanzu.
S jih n x o c K o r o  c x o h  n o x y n p o 3 p a a H o f l  

c p e ^ H  Bapascenne (l3)MosceT 6 h t b  n p e -  

o 6 p a 3 0 B a H O  k  o x e ^ y B u e ä  Ö e 3 p a 3 M e p H O 0  

$opMe

0 =  -g-^OE
“ W  -  T p

X s m. <t (1 5 )

H 3  p a o ,  2 B H A H O , h t o  B c e  KpHBHe- n p n  t O, C T p e M S T C H  k  s n a a e H H H M ,  no- 

x y a a e M U M  H a  o o H O B a H H H  H3 B e c i H o f t  (JopMyjm X p a o i a a H o e H a

(1 6 )

X a p a x je p H H M  H B X H e i c a  t o ,  h t o  n o c x e  3 H a a e H H ä  ^ 3  s e e  K p H B H e  BtteaaBH- 

C H M O C T H  O T  3 H a H e H H 0  C T O n e H H  H e p H O T H  HaHHHäJOT H O C T e n e H H O  C Ö J I M taTbCH H n p H  

f la x B H e S m e M  y B e j m a e m m  o ninnecKoiS t o jh u h h h  m o h o to h h o  c i p e M H T C H  k  H y x o .  G p a  

S o x b m n x  3 H a a e H H H x  d e n e H H  a e p H o i u  (£ > 0 , 8 )  B e x i W H H a  l e n a o B o r o  n o i o K a  m o h o 

t o h h o  y Ô H B a e T  n p n  y B e x H i e H H H  o n i H a e o K o â  e x o t h o c t h  h  b  f l H a na30He 0 < -  "í0 < 3 ,  

O x n a K O  ä x h  c p e x H H x  h  h h 3 k h x  3HaaeHHii S Ha d j u o x a e T c a  s K O i p e M a x b H H i l  x a p a K T e p  

(JyHKĘHH 0  , a  o t o  3 H a H H T , H T o  n p H  onpe,a,exeHHHx c o a e r a H H H x  t  h  £  p a x n a u a o H -  

hh A  h  c x o x H H ä  TenjxooÖMeH a e p e 3  c j io S  n o j i y n p o 3 p a H H O Ö  c p e x H  ö y x e T  h m s t b  M a K C H -  

MyM •
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Ta KOMy x a p a K i e p y  3 a B n c n M0 CTH 0  m o x h o  x a i b  c x e x y i o m e e  oÖbHCHeHHe • l ip a

S oxb hi hx  n o r x o m a i e x b H b i x  o n o o o ö H o o i a x  r p a H n n s b i x  n o B e p x H O C i e ä  y B e x a n e H a e  o m a -

a e c x o ö  n x oT H o o T H  oxpaHapyiomaM o ö p a 3 0M B x a x e i  Ha x y a a c T H ä  n o i o x  a  cH asca eT

e r o ,  HecMOTpH n a  n o H B x e H a e  p a x a a n a o H H o ß  

Ten ji on poBO A-H o cT H , onpem exH eM ofi  c o ß c T B e H -  

HUM H3jiyaeHHeM c p e f l H .  l ip a  C o x b m o ä  o i p a x a -  

l e x b H o ü  c n o c o Ö H o c T H  rpaHHU h x  co Ö C T B e H H oe  

H3 JiyaeHHe M a x o .  y B e x a a e H a e  o n i a n e o K o i ł  njioT- 
HOCTH npHBOflHT K B0 3 HHXHOBeHH» AOHOXHH-

T e x b H o r o  n e p e n o c a  l e n x a  3a caei H3xyaeHHX 
c p e f l H .  Tipa 6 = 0 T o jiLKû 3TOT c n o c o ö  n e -  

p e H O c a  (JopMHpyeT l e n x o B o i i  hoiok. HaöJUOAa-  

eMoe B0 3 p a c i a H H e  T e n x o o ß M e H a  n p a  6 *=310,8 

npoHCxoflHT ao i e x  nop, n o x a  ope^a He oia- 
HeT HBXXTbCH 3KpaHHpyK>HHM ConpOTHBXeHHeM 

TenxoBOMy noTOKy. y B e x a a e H a e  o n i a a e c x o Ä  

nxoTHOC TH  c p e x H  npHBOÄHT k  n o c i e n e K H O M y  

CHHXeHH» pOXH paAHaUHOHHHX CBOHCTB TpaHHH

0,6

R

0,25

a
o.i

/ « — —

\ X ®  *  \ /  y
'  ^  2.

"  " *  'S  \  
\  \

V x  '/  X /  X
X  Xx >

A3

i ß 1 0  T„

P h C .  3 . 3 aBHCHMOCTB XyHHOTOrO  
floicxa Mex^y cpeAoñ h rpaHHueü 
ot "ï a x h 6= 1: 1 - no [2],
Z -  no xaHHoii paßoie, 3 - no 
XHą|)epeHnHaxbH0-pa3H00TH0My Me

ro Ay [1] a AAS 3Ha<ieHHił í >  10 TenxooÖMeH npax- 
THHeCKH He 3aBHCHT OT BeXHHHHH £ . 

H3xynaeMHfl cxoeM cpexH Ha xoxoAnyio noBepxHooiB Moxei 
ÖHTb BHHHCXeH, KaK pa3H00Tb Mewy pe3yXbTHpyioąHM nOTOKOM ‘îjjyq H nOTOKOM Te-

TenxoBoñ noiox q.
x y n

nxa Mexxy noBepxHOCTÄMa c yaeioM ero ocxaöxeHax opeflofi qxyaF

q x y a  = q x y a  “  q x y a F

¿tn2ßo(T^ - Tg )
m. X -  2K3(,(o )6o-n2(T 1 - T2 }

B öe3pa3MepHoä cfopMe rioxyaaeM

H = ,2 / 5 - =  S7T- - 2W
Son (T 1 - TP

P u c . 3  n o 3 B o x x e T  eme p a s  y ß e x H i b C i i  b s x c i p e M a x b H O M  x a p a x T e p e  c o Ö c i B e H H O -  

r o  H3 xyn eH HH o x o h  n o x y n p o 3p a a H o ë  c p e A H ,  M a x c a n y M  x o T o p o r o  n p a  6 ^  = 6 g  = 1 

H a ó x B x a e T O H  n p a  l -<2 riQ 'e~ 2 .  B BHAe T o a e x  H a n e ce H H  a acx e H H b ie  p e m e H a x  X .  X o t -  

l e x a  noxyn eH H oie Ha o c H o s e  C T p o r o r o  h  t o h h o t o  H H i e r p a x b H o r o  y p a BH eH H H .

C o n o c i a B x e H H e  noxa3UBaeT, p e m e H a n  no n pe x Jia rae M O M y  b H a c i o a m e ö  p a ö o i e  M e i o -  

Ay oTXHHaBTOH x o p o m e ü  t o h h o c t b »  h n p a x i a a e c x a  co B n a x a i o T  o HHOxeHHHMH p e m e -

HHfiMH.
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VYMIANA ENERGII PROMIENISTEJ 
¥ OŚRODKACH PROMIENIUJĄCO-POCHŁANIAJĄCYCH

S t r e s z o z e n i e

W pracy przedstawiono analizę wymiany energii promienistej w szarym 
półprzeźroczystym ośrodku promieniująco-pochłaniającym. Analizę oparto na 
analogii przepływu energii promienistej i dyfuzyjnego strumienia cząste
czek w teorii dyfuzji. Przenalizowano wpływ optycznej grubości ośrodka i 
emisyjności jego brzegów.

HEAT TRANSFER BY RADIATION IN ABSORBING AND EMITTING MEDIA 

S u m m a r y

The diffusion method is used in the paper to present the analysis of 
radiation heat transfer in a grey semitransparent absorbing and emitting 
medium. The effect of surface emissivity and optical thickness of the 
medium on heat transfer by radiation is shown.


